We present an experiment conducted in Kola Bay off the Barents Sea in which new, six-component electromagnetic seafloor receivers were tested. Signals from a powerful, remote super-long wave (SLW) transmitter at several frequencies on the order of tens Hz were recorded at the six sites along a profile across Kola Bay. In spite of the fact that, for technical reasons, not all the components were successfully recorded at every site, the quality of the experimental data was quite satisfactory. The experiment resulted in the successful simulation of an electromagnetic field by the integral equation method. An initial geoelectric model reflecting the main features of the regional geology produced field values that differed greatly from the experimental ones. However, step-by-step modification of the original model considerably improved the fit of the fields. Thereby specific features of the regional geology, in particular the fault tectonics, were able to be corrected. These preliminary results open the possibility of inverse problem solving with more reliable geological conclusions.
Introduction
Recently marine electromagnetic methods have become a valuable tool for seafloor mapping (e.g., [1, 2] ). Among them, methods based on the natural (magnetotelluric) field offer advantages over those based on controlled source electromagnetic methods (CSEM) for lower-crust and uppermantle mapping, while the latter offer advantages for uppercrust mapping. Although in general terms the audiomagnetotelluric method has been successfully applied to uppercrust survey too, such is not the case for the auroral zone, where the necessary plane-wave condition is roughly violated. A number of types of seafloor electromagnetic receivers measuring four (horizontal electric and magnetic) or five (the same plus vertical magnetic) components of the field, with various types of control sources dropped into the sea have been implemented ( [3] [4] [5] [6] [7] [8] ). However, it is known that measurement of the sixth component (vertical electric) can be of much interest, because it is particularly sensitive to the insulating crust structures ( [9] ). On the other hand, it can be advantageous to use the powerful stationary control source for land mapping (e.g., [10] ) and it is hoped that employment of such a powerful land-based source will also be beneficial in shelf mapping.
In this paper, we present the experiment that made this possibility a reality. The first six-component electromagnetic seafloor receivers have been tested in Kola Bay off the Barents Sea. Signals from a distant, powerful super-long wave (SLW) transmitter were recorded at six sites along a profile across the bay. The results have been preliminarily interpreted by simulation of the electromagnetic field by the integral equation method.
Experiment
This pioneer experiment on seafloor measurements of the electromagnetic field emitted by the powerful land-based SLW transmitter was performed in September 2011. The source represented a grounded horizontal line current (electric bipole) approximately 60 km long located on the Kola Peninsula and oriented along the latitude parallel. The field was emitted at frequencies of 41 Hz, 62 Hz, 82 Hz, and 144 Hz, by 200 A sinusoidal current every fifteen minutes and was measured by the six-component receivers (Figure 1 ) sited on the floor of the bay. The amplitude of the antenna current was recorded with reference to GPS time.
The receivers were equipped with three orthogonal induction magnetic field sensors with low-noise amplifiers and with three orthogonal electric field sensors. The measured analog signals were received by the six-channel, 16 bit ADC, where they were converted to digital signals and saved for further analysis on a FLASH memory. Accuracy of the conversion was provided by pass-through calibration of the measurement channels using specialized metrology equipment. The receiver technical characteristics are follows. The magnetic channels sensitivity in frequency band 0.01 Hz-200 Hz: above 0.5 pT at the signal-noise ratio 3/1.
The intrinsic noise of magnetic channels is 1000 fT at = 0.1 Hz, 100 fT at = 10 Hz, 100 fT at = 100 Hz.
The electric channels sensitivity in frequency band 0.01 Hz-200 Hz: above 10 nV/m at the signal-noise ratio 3/1.
Operating depth-up to 500 m.
Before starting and stopping the recording, the verification of high-precision temperature-stabilized receiver clock with GPS time was produced. This ensured data synchronization with the correct time. During each measurement session values of receiver azimuth, roll, and pitch were fixed on a FLASH memory every minute by the receiver orientation unit. The coordinates of the station dive point were fixed by the navigation system of the boat. After measurements the station lifting was performed by the command from the ship through an acoustic channel. The reading of data is carried out after lifting station on the boat. So the antenna current data and the values of the field on the seabed were synchronous. The signal was separated from natural and man-made noise using the spectral analysis of measurement results from Welch's method [11] . As a result, the amplitudes of the six components of the field as well as the phase differences between them were gleaned. The signal-noise ratio for all the components exceeded 30 dB.
As the receiver orientation was random after descent on the floor, the gleaned data needed to be converted into a single-axis coordinate system, taking into account the values of pitch, roll, and yaw of the receiver units.
The new amplitudes of the orthogonal components from the measured ones, and , with phase difference after turning in one plane with angle , are as follows: = √ 2 cos 2 − 2 sin cos cos + 2 sin 2 , = √ 2 cos 2 + 2 sin cos cos + 2 sin 2 .
(1)
The new phase difference between them is
To present the measurement results, the Cartesian axis system was used with the x-axis oriented along the geographical meridian facing North and the y-axis oriented along the latitude facing East. The z-axis was oriented vertically, facing up. Calculations (1)- (2) were consequently applied in three planes, taking into account the magnetic declination 14
∘ 56 E in the area of observations when turning in the XY plane. As a result, we assembled the amplitude values of the field components and the phase differences in a single geographic axis system.
The observation sites were located along two sides of the waterway at a depth of 36 to 85 meters-four on the southern side of the waterway and two on the northern side International Journal of Geophysics ( Figure 2 ) because of the navigation peculiarities in Kola Bay. The receivers were deployed on the seafloor at least thirty minutes before transmission started. The receivers buoyed to the sea surface thirty minutes after transmission stopped.
All of the horizontal and vertical components of the electromagnetic field at all the frequencies were detected at all the observation sites. As a result, data for the magnetic components were obtained at every site except site 3, where the receiver unit had not been fixed on the bay slope and changed its orientation during the session, resulting in noise from the induction sensors. In view of the unreliability of some electric component measurements at sites 2, 5, and 6, electric field data for these sites could not be transformed into a geographical axis system. However, data for single components of the field can be used for interpretation. To take into account the possible space variability of seawater conductivity, we also carried out its vertical and horizontal profiling with an oceanic probe. The conductivity proved to be the same at all the sites of measurement and independent of the depth except for a thin surface layer. It was equal to 3.5 S/m.
The Main Features of Regional Geology and the Initial Geoelectric Model
Kola Bay is a submeridional fjord situated on the coast of the Barents Sea in the northwestern part of the Kola Figure 4 : A fragment of the geological map of the Kola Peninsula by Mitrofanov [18] . 92-leucogranites, granodiorites; 102-metavolcanics; 104-granodiorites, tonalites, plagiogranites; 106-micaceous, garnet-mica gneisses. Red line: the observation profile.
Peninsula. Geological and geoelectric description of the area and the fjord itself is given in many works ( [12] [13] [14] [15] [16] [17] ). It passes through two regions: Murmansk Craton and KolaNorwegian Province, in area of distribution of resistive Archean granitoids and gneisses (a fragment of the geological map by Mitrofanov [18] is given in Figure 4 ). The average thickness of quaternary sediments (generally glacial and marine) is 50-100 m and reaches 200 m at the entrance of the fjord. In accordance with the cranked curves of the fjord, it is divided into three parts: northern, middle, and southern bends. The northern part is the deepest with depths up to 300 m; in the middle part, where the observation profile is, the depths vary from 35 to 130 m. Kola Bay is also complicated by underwater rapids and branches in the form of bays. The formation of such a complex structure is determined by a system of northwest-and northeast-trending faults, glacial exaration, and irregular postglacial uplift. On the basis of the publications cited above, the initial geoelectric model was constructed ( Figure 5 ). The background of the model is a two-layered resistive medium: the conductivity of the upper layer is 10 −4 S/m with a thickness of 2 km; the conductivity of the lower half-infinite layer is 10 −5 S/m. The conductivity of all the faults is the same, 1 S/m (red in Figure 5) ; the water conductivity is 3.2 S/m (brown in Figure 5) ; the sediment conductivity is 1 S/m. The widths of the faults change from 2 to 4 km. The sediments follow the curve of the fjord banks, and their thickness changes from 50 to 200 m at the entrance of the fjord.
Method of Simulation
The simulation was based on the 3D integral equation method. The use of this method in electromagnetic geophysics problems is founded on the following model of the complex conductivity distribution. The whole space is divided into two parts: the normal section and the anomaly. The normal section (background) means the set of unlimited horizontal homogenous layers and two homogeneous halfspaces, where the complex conductivity is constant in each layer and half-space. The conductivity of the upper halfspace, which simulates the air, is zero. The anomaly is the 3D volume, where the conductivity is different from that in the normal section. Notice that if we use the integral equation method, we have to specify the conductivity in the whole space. Magnetic permeability is constant 0 in the whole space. If conductivity of the normal section is defined, the electric and magnetic Green's tensors and can be International Journal of Geophysics computed. This way the following expressions for electrical and magnetic fields may be written ( [19] ):
where is the circular frequency, is the anomalous volume, ( 0 ) is the anomalous conductivity at the point 0 , and 0 and 0 are the primary electrical and magnetic fields. The primary field means the field, which is induced at this point in the normal section by the same source.
If in the first expression in (3) is inside , then this expression becomes a 3D singular integral equation of the second kind:
If (4) is solved, its solution is placed under the integral in (3). Then it becomes possible to compute the electrical and magnetic fields at any point in the space.
The integral equation (4) is solved by the collocation method. The anomalous volume is divided into the set of rectangular cells , = 1, . . . , . The electrical field is approximated by the constant in , which is the field in the center of . This way we get the following system of linear equations:
where is the center of the , 0 = 0 ( ). The system (5) is solved by the generalized minimal residual method.
We start with the very large anomaly extending more than 100 km horizontally in both directions and 2 km in the vertical direction, like the one which was modeled in our previous study ([10] ). The computational experiments show that it is not necessary to use that large anomaly, because all the effects in the resulting field are induced by the local objects. These experiments also show that the effects of the geometry of the Kola Bay bottom are very strong, so it is necessary to use the right model of the bathyorography. This way we have to use cells with a very small size: 20 m in the horizontal direction and 5 m in the vertical one. The resulting model consists of 11 million cells. The computations have been conducted on the high-performance computer SkifTchebyshev, located at Moscow State University, using fully parallelized 3D forward modeling software PIE3D from the CEMI consortium of the University of Utah. 
Preliminary Interpretation
All six components of the field have been computed for the initial geoelectric model ( Figure 5 ). In spite of the fact that there were amplitudes and phases at four frequencies, at the primary stage of investigation we limited ourselves by comparison of the experimental and modeled fields only by the amplitudes and mainly at the lowest frequency. The thing is, phase is too sensitive parameter, which is important at the stage of solving the inverse problem, but which is difficult to employ at the stage of preliminary rough model matching. On the other hand, due to the exposure of an insulating basement around Kola Bay, very thin conductors like bogs or small rivers (which are practically impossible to take into account) strongly influence the field at high frequencies. Therefore at When the observed field amplitudes were compared with the computed ones for the initial geoelectric model (Figure 6 ), it was apparent that they differed widely both by their shape and level (up to three orders of value). Therefore the initial model had to be considerably corrected.
We undertook step-by-step modification of the original model, varying the normal cross section, positions, and conductivity of the faults and geometry of the Kola Bay alluvial belt. Thus, as our original model was rather large and correspondingly every step took considerable time, we also tested the possibility of decreasing the horizontal sizes of the model so that amplitude differences between "large" and "small" models at observation would not exceed about 1%.
We tested a total of about 50 models. One of the best variants is shown in Figures 7 and 8 . Of course, the fit of the field components is rather imperfect, but obviously far better than in Figure 6 . The average relative misfits for the EM-field amplitudes at 41 Hz are presented in Table 1 . At frequencies of 62 and 82 Hz, the fit is only slightly worse than that presented in Figure 8 at 41 Hz and evidently departs from fit only at the highest frequency, 144 Hz.
Thus the model presented in Figure 7 can be a good starting point for strict solving of the inverse problem. Although this model is not final, it allows the inference of some qualitative geophysical and geological conclusions.
(i) The normal cross section attained an order of magnitude more conductive than it was believed before.
(ii) Kola Bay is surrounded by a sedimentary alluvial belt. Evidently it is the result of regional postglacial uplift. The sedimentary belt proved to be asymmetric in accordance with normal right displacement of the ancient river.
(iii) Conductivity of the faults proved essentially different. Probably the larger conductivity of a couple of faults seen in Figure 7 is related to contemporary tectonic activity.
Conclusions
This pioneer experiment with a new six-component electromagnetic seafloor receiver and with a distant, powerful SLW transmitter was carried out in Kola Bay off the Barents Sea. The receivers were deployed at six sites along a profile across the bay. Not all six components were successfully
International Journal of Geophysics measured at all the sites in particular, due to the mechanical unreliability of electric antennas. Nevertheless, the quality of the experimental data turned out to be quite satisfactory. The data have been preliminarily interpreted by a trialand-error method with simulation of the electromagnetic field by an integral equation method. The resulting geoelectric model differs from the initial one, and this difference reveals new features of regional geology, in particular of fault tectonics. The resulting model is also the appropriate starting point for strict solving of the inverse problem with subsequently more comprehensive geological interpretation.
